A is an empirical constant depending on exposure conditions (mm/year) 45
A0 is the uncorroded area 46

A(t) is the corroded area 47
Apr(t) is the residual protected area of coated surface 48
Apr0 is the initial protected area of coated surface 49
B is an empirical constant depending on exposure conditions 50
C(t) is the uniform thickness loss (mm) 51
Cl is the (annual average) chloride deposition rate (mg/m 2 .
d) 52
fSt is a function of T 53 I0 is the uncorroded 2nd moment of area about the relevant member axis (major/minor). 54 I(t) is the corroded 2nd moment of area about the relevant member axis (major/minor). 55
RA(t) is the buckling ratio 56
RB(t) is the bending resistance ratio 57
REB(t) is the elastic buckling ratio 58
RH is the average annual relative humidity (%) 59
RLB(t) is the local buckling ratio 60
RS(t) is the shear resistance ratio 61
S0 is the initial (uncorroded) value of section modulus 62
SO is the average annual deposition of SO2 (mg/m 2 .
d) 63
SO2 is the sulphur dioxide concentration (μg/m 3 ) 64
S(t) is the time-varying (corroded) value of section modulus 65 t is the time (years) 66
T is the (annual average) air temperature ( o C) 67 tfl,0 is the uncorroded thicknesses of the compression flange (or any other element) 68
tfl(t) is the corroded thicknesses of the compression flange (or any other element) 69
TL is the service life 70
TOW is the time of wetness (h/year) 71 TU is the time at which the coating is lost from the entire surface area 72 tw0 is the thickness of the uncorroded web element 73 tw(t) is the thickness of the corroded web element 74 75
Introduction 76
According to an extensive demographic survey undertaken for the Sustainable Bridges 77 project (Bell, 2007) , more than 35% of European railway bridges -whose total number is 78 estimated to be well in excess of 300,000 -are over 100 years old. Although bridges of 79 masonry construction are the single largest group within the overall population, metallic 80 bridges -including those with steel/concrete or encased beam construction -comprise more 81 than a third, with about one in five being centenarian. Steel and wrought iron are the 82 predominant metals, with the latter having been used extensively in the 19th century until the 83 era of steel began. In fact, more than 15,000 wrought iron bridges remain in service, mainly 84 on the UK railway network, which had already expanded significantly by the time when steel 85 was mass-produced. The same survey, which spanned railway authorities from Italy to 86
Finland and from Poland to Ireland, revealed that the main asset management priorities relate 87 to the improvement of the assessment process, with refined inspection/diagnosis tools and 88 performance prediction also attracting significant attention. 89
Due to a large proportion of these bridges being on heavily utilized networks, large 90 scale replacement is practically impossible, notwithstanding the worldwide financial 91 constraints imposed on infrastructure maintenance budgets. Therefore, refined assessment 92 methods and, where necessary, techniques that can improve prediction capability with respect 93 to remaining service lives, thus allowing a life extension even by a modest fraction, are 94 actively being sought. These refined methods could help in improving decision making 95 related to asset management, and enable an orderly transition to the next generation of 96 railway infrastructure. However, these decisions need to be taken in the context of aging and 97 exposure to harsh environmental conditions, both of which contribute to wear and 98 deterioration. In the case of metallic bridges, the former manifests itself through fatigue, 99 whereas the latter is principally related to propensity to corrosion; either can have major 100 implications on safety, functionality and appearance. This study focuses on corrosion, which 101 is a commonly observed cause of damage and failure in metallic bridges (Wardhana & 102 Hadipriono, 2003 , Imam & Chryssanthopoulos, 2012 . 103
The occurrence and the subsequent rate of progression of the various types of 104 corrosion depend on several factors and their interactions, with the majority associated with 105 exposure conditions and the type of protection system applied, though maintenance practices 106 also play a part. The progression of corrosion damage can lead to inadequate performance 107 and reduced safety, which ultimately can result in structural failures. However, even before 108 structural failure is reached, corrosion deterioration can be assessed as unacceptable on the 109 basis of condition criteria. In simple terms, corrosion can be classified as general or local, 110
though a more precise classification based on the forms of corrosion (e.g. Landolfo corrosion damage is predicted from models based on non-homogeneous databases, typically 119 associated with unqualified levels of uncertainty. Furthermore, in most studies the time-120 dependent performance of the protective system, which needs to be broken down before 121 corrosion damage occurs on the metallic surface, has not been considered explicitly. 122
This paper focuses on deterioration modelling and performance assessment of 123 metallic bridges affected by atmospheric corrosion, considering also the contribution of 124 typical protective systems. Emphasis is given to exposure classification, in line with 125 corrosivity classification guidelines and research aimed at quantifying the influence of 126 corrosion through dose response functions. A distinction is made between condition and 127 resistance based performance criteria, to suit various asset management objectives, which can 128 be addressed through a hierarchical modelling process depending on available information. 129
The proposed methodology is demonstrated using typical metallic bridge elements, for which 130 performance profiles are developed under different short-and long-term exposure scenarios. The standard BS EN ISO 9223 (2012a) provides a framework for the classification of 146 atmospheric corrosivity based on the levels of the main influencing climatic and pollutant 147 variables. Specifically, in BS EN ISO 9223, the spectrum of atmospheric corrosivity is 148 divided into five categories varying from very low (category C1), corresponding to rural 149 environments, up to very high (C5) and extreme corrosivity (CX). In turn, the correlation of 150 these exposure classifiers with metal loss measurements has allowed the development of 151 corrosion models (discussed in section 2.3). Table 1 briefly describes each corrosivity  152 category together with the expected ranges of corrosion rates within each category. 153
In considering the deterioration of complex and spatially extended structural systems 154 such as bridges, individual elements (e.g. deck, main girders, cross beams, etc.) are likely to 155 experience dissimilar corrosion rates due to differences in the microclimate which develops 156 in their immediate surroundings (Hutchins & McKenzie, 1973) . For instance, a Japanese 157 survey has shown that external main girders of steel bridges are more susceptible to corrosion 158 than inner girders (Tamakoshi et al., 2006) . 159 160
Protective coatings 161
One of the aims of this study is to examine the performance of coatings applied onto metallic 162 
Coating selection 247
In the United Kingdom, corrosion protection of railway bridges using coatings and sealants is 248 warranty period and expected service life. Building on these idealisations, a polynomial 306 relationship is proposed, assuming that service life (TL) estimates quoted in industry manuals 307 correspond to circa 50% of a coated surface being unprotected at time TL: 308
where Apr(t) and Apr0 are the residual and initial protected areas respectively and t is the time 310 in years. This equation may be used to predict the time TU at which the coating is lost from 311 the entire surface area. Note that Apr(t) ≤ Apr0 for all t and Apr(t) = 0 for t > TU. 312
In contrast to a linear relationship (also shown in Figure 2 ), for which TU = 2TL, the 313 proposed polynomial leads to TU = 1.38 TL. Given the observed trends in experimental and 314 field studies, this is a first attempt at a coating performance model, which can be used to 315 estimate deterioration over any given surface (e.g. a web or a flange of a plate girder), for 316 situations where the deterioration is likely to become progressively more extended. It should 317 be noted that the coefficients in Equation (1) could be adjusted to reflect alternative values 318 regarding the percentage coating loss taken as the criterion estimating expected service life. 319
In general, such a model should consider coating performance not only at a particular 320 location but also its spatial characteristics. To enable this, information on whether uniform or 321 localised corrosion is likely to be developed on a particular member should also be utilised. 322 323
Atmospheric corrosion models 324
At a specimen scale, the progression of atmospheric corrosion in any given environment can 325 be modelled in terms of thickness loss over an exposed surface area. Over the years, models 326 of varying complexity and accuracy have been developed, as summarised in Table 3. The  327 proposed classification accords with that adopted for coating deterioration in section 2.2.4. 328
Among Level 1 models, the best known is the power model (Feliu et al., 1993; 329 Haagenrud & Henriksen, 1996) given by: 330
where, C(t) is the uniform (measured as average over relatively small specimen surface areas) 332 thickness loss (mm) after an exposure period of t years and coefficients A (mm/year) and B 333 (unitless) are empirical constants, obtained using regression analysis on physical test results 334 grouped according to different atmospheric exposure conditions. This implies that the 335 dependency on the exposure conditions and material type (e.g. type of steel) is captured 336 implicitly using suitable values for coefficients A and B, where A represents the corrosion 337 loss at the end of the first year and B controls the rate of loss in subsequent years. 338
Recommended values for A and B are generally deemed to exhibit high uncertainty, partly as 339 a result of databases in which exposure conditions were poorly defined/grouped. It has also 340 been suggested that Equation (2) An alternative Level 2 model has been presented by Klinesmith et al. (2007) : 366 where Ti represents the duration over which each Ai is valid after the initial 20-year period. 395 Figure 5 shows the corrosion loss predictions for two scenarios assuming atmospheric 396 pollution levels in a specific area are reduced, together with a no-change case. The first 397 scenario assumes a sharp reduction in the SO2 concentration at year 20 from 250 to 125 398 μg/m 3 , whereas in the second scenario this reduction takes place gradually between year 20 399 and 40. Both emission reduction scenarios can be seen to result in lower thickness losses, 400 circa 1 to 1.5mm, compared to the no-change case. Note that the lines for reduced emission 401 scenarios become parallel after year 40, since the pollutants converge to the same level. 402
Performance assessment 403
The consequences of deterioration on metallic bridge elements can vary from aesthetic and 404 non-structural issues to progressive weakening and catastrophic failures (Prucz & Kulicki, 405 1998). In the context of maintenance regimes, the former are addressed through condition 406 surveys, whereas the latter necessitate structural assessments. In this section, the coating and 407 corrosion models presented above are, first, combined so as to provide predictions of coating 408 and material loss under different exposure conditions (condition-based maintenance) and, 409 secondly, integrated within strength formulations relevant to different limit states, such as 410 tension, compression, bending and shear (capacity-based maintenance). 411
In general, environmental exposure leads initially to a breakdown and loss of coating 412 over a growing number and extent of surface spots, and, while this process is continuing, 413 corrosion also begins to take place in the least protected and more vulnerable spots. As 414 previously mentioned, the progression of deterioration will be influenced significantly by the 415 type of coating and substrate material, the presence of pollutants, bacteria and micro-climate 416 effects regarding temperature, humidity, wind direction, exposure to sunlight etc. Hence, 417 prediction of deterioration rates will be characterised by uncertainty and complexity at 418 different scales. In this respect, the proposed modelling approach cannot predict accurately 419 the deterioration of a single structure unless it is combined with inspection outcomes, which 420 is beyond the scope of the present study. Nevertheless, it can provide an insight into median 421 trends that may be observed over time in cohorts of similar structures. 422 Figure 6 shows schematically the proposed modelling approach for performance 423 assessment. The coating performance is captured via Equation (1), with the service life, TL, 424 estimated based on information on particular coatings, e.g. as found in maintenance manuals. 425
In estimating TL the factors shown in Figure 6 (a), (specification, application quality, 426 exposure) should, where possible, be taken into account. Material loss due to corrosion will 427 then start at different points in time on the exposed surface, as shown in Figure 6 (b); for this 428 part, either Level 1 (Equation (2)) or Level 2 (Equations (4) or (5)) corrosion models may be 429 used, depending on available information on exposure conditions. 430
The loss of thickness due to corrosion over any particular surface of a single member 431 (e.g. web or flange plates in Figure 6 (b)) will have an impact on the available cross-sectional 432 area, which, in turn, influences other section properties relevant to different limit states 433 ((bending, compression, etc.), e.g. the second moment of area or the radius of gyration. 434
Thinning of the web or flange plate can also affect adversely local buckling strength, which is 435 typically a function of the member slenderness, e.g. the flange half-width over thickness 436 ratio. Moreover, if corrosion is allowed to progress considerably over an entire structure, 437 overall load distribution may be affected, due to changes in members' axial and bending 438 stiffness. Following the approach suggested by Prucz and Kulicki (1998), a number of 439 residual resistance factors are proposed in the following, covering the principal limit states 440 encountered in structural assessments of girder and truss bridges. Thus, for a bending limit 441 state, this factor is given by 442
where, RB(t) is the bending resistance ratio, S0 and S(t) are the initial (uncorroded) and the 444 time-varying (corroded) values of section modulus respectively. Depending on the class of 445 the section (i.e. whether the elastic or plastic bending capacity can be reached), either the 446 elastic or plastic section modulus would have to be considered (BS EN 1993-1-1, 2005) . 447
Clearly, for the calculation of the section modulus at time t, the distribution of the induced 448 corrosion damage across the section needs to be idealised; here, unless specific scenarios 449 based on micro-climate effects are considered, the baseline assumption is that the loss of 450 material is spread uniformly across the width of the flanges and along the web depth. 451
However, it is possible to adapt this equation to reflect the situation (sometimes observed in 452 real cases) where the bottom flange suffers more than the top flange due to local water 453 entrapment, bird fouling, etc. 454
If shear capacity is of concern, the corresponding ratio is given by 455
where RS(t) is the shear resistance ratio and tw0 and tw(t) are the thicknesses of the uncorroded 457 and corroded web elements respectively. 458
Instabilities may be an issue either in the form of member (Euler) buckling or in the 459 form of local buckling, e.g. in flange outstands or slender webs. For member buckling, two 460 ratios are relevant, depending on whether the member falls in a stocky or slender category. 461
For the former, the cross-sectional area becomes the controlling geometric property since 462 material failure precedes buckling, thus the buckling ratio becomes 463
(10) 464 with A0 and A(t) being the uncorroded and corroded areas. For slender members in compression 465 governed by elastic buckling, the ratio changes to 466
where, I0 and I(t) are the 2nd moments of area about the relevant member axis (major/minor). 468
As for local buckling, the available resistance, as determined via plate buckling 469 formulae (Timoshenko, 1964) , is proportional to the square of the thickness, and therefore, an 470 appropriate local buckling ratio is given by 471
where, tfl,0 and tfl(t) are the thicknesses of the compression flange (or any other element). 473
Finally, it is worth noting that for members under tension, the capacity is once more 474 governed by the cross-sectional area and the relevant ratio is, thus, given by Equation (10). 475
Case study 476
Following the performance modelling framework presented in the preceding section, 477 performance profiles are presented for members of a short-span (half-through) railway bridge 478 with a span of 9.6m, as shown in Figure 7 , located in a heavily polluted industrial site (C5 479 corrosivity classification as per Table 2 ). The examined bridge, which is typical on the UK 480 railway network, consists of different member types, including external/internal main girders, 481 stringers and cross-beams. The external main girders have 13mm thick top and bottom 482 flanges and 10mm thick webs, with the overall height of the section being 1220mm. The 483 yield strength of the material is taken as fy = 300 MPa. It is further assumed that a protective 484 coating is applied initially but no coating re-application takes place during the examined 30-485 year maintenance planning window. However, the framework can also be used for an 486 uncoated structure to focus on the effect of the coating on the structural performance, as well 487 as to include the effect of coating re-application within a given maintenance period. 488
As often observed in inspections, the actual position of the bridge members (i.e. 489 internal/external) can influence the aggressiveness of the micro-climate to which their metal 490 surfaces are exposed. In one such scenario, the exposure conditions faced by internal 491 members are less harsh compared to external members: thus, whereas the global exposure 492 classification matches the microclimate of external members, internal members (e.g. 493 stringers) are exposed to micro-climates of lower aggressiveness. As mentioned previously, 494 this assumption can be further refined, should particular factors prevail that may distinguish 495 sub-elements of a girder, either in a vertical direction (e.g. top vs. bottom flange) or 496
horizontally (e.g. end vs. middle sections). Table 4 lists the scenarios for which performance 497 profiles are developed. The service life of the coatings (TL) is taken as the mid-range of the 498 values given in Table 2 . In view of the bridge type, bending, shear and local buckling limit 499 states are considered for different members. In particular, overall bending and shear are 500 examined for the internal and external girders, whereas local buckling is assessed for the 501 compression flange of the same members. For completeness, other members (e.g. cross-502 girders, longitudinal stiffeners) could also be included, bearing in mind the particular limit 503
states that may govern their performance. 504
Results and discussion 505
In this section the results obtained from the case study which illustrate the methodology are 506 presented and discussed in relation to the observed performance for different coating types, 507 exposure conditions and location of different elements within a typical metallic railway 508 bridge. Combining condition-based indicators (e.g. % area of coating breakdown) with the 509 evolution of structural resistance can be a useful tool within the context of asset management. 510
Specifically, understanding the effect of different exposure conditions on the expected 511 evolution of condition and/or resistance over time would allow the optimisation of resource 512 allocation and justify the prioritisation of future examinations and assessments, whilst 513 maintaining the overall risk associated with a bridge portfolio at tolerable levels. 514 515 Figure 8 shows the evolution of coating performance predicted using Equation (1) for two 518 coating systems subjected to two different atmospheric exposure conditions. The results 519 indicate that for all cases examined, an initial period exists during which the coating remains 520 intact, irrespective of the exposure conditions. However, the higher performance coating M21 521 is associated with a much longer period during which it remains fully effective; in fact almost 522 double the period estimated for the M27.4 coating. Moreover, the effect of different exposure 523 conditions becomes quite significant beyond this initial post-application period. For example, 524 for coating M27.4, it can be seen that when 50% of the substrate metal area is unprotected 525 under C3 exposure conditions while only approx. 25% of the area remains protected when 526 considering the C5 environment. Such results can be used to facilitate decision making within 527 the context of long term maintenance and whole life cost assessment (MAINLINE, 2013c). 528
Condition assessment 516
Coating performance 517
To this end, the collection of field data from regular inspections would allow the 529 improvement of coating deterioration models, whereas simultaneous recording of the 530 geographical locations would facilitate estimation of statistical properties. At present, 531 although inspection data is being routinely collected, there is no attempt to correlate these 532 with atmospheric conditions or positioning data, which hinders model development. 533
Thickness losses 534
Figures 9(a) and 9(b) show the predicted flange thickness and web losses over time for 535 external girders (EMG) subjected to C5 exposure conditions. In all cases, an initial period 536 exists during which coatings are fully effective and no thickness loss is recorded. Thereafter, 537 gradual breakdown of the coating leads to thickness loss over time with the rate of thickness 538 loss being a function of several environmental and pollution-related variables (e.g. 539 temperature, humidity, SO2, Cl). As previously discussed, their effect is collectively 540 expressed through a particular set of A and B coefficients. In Figures 9(a) and 9(b) , results are 541 also shown for the case where no coating is applied to the exposed surfaces; in this case, the 542 residual thickness of the flanges and web (or alternatively loss of thickness) follow a non-543 linear curve which gradually becomes linear for t>20 years. Figures 10(a) and 10(b) show 544 that similar results are obtained for the internal main girder element (IMG); however, the 545 predicted reductions of thickness are of much smaller magnitude due to the less aggressive 546 atmospheric environment (C3) considered relevant for these elements, which has a dual 547 benefit: (a) longer coating protection and (b) smaller corrosion rates. The assumption 548 differentiating member exposure in a particular structure was based on surveys indicating the 549 higher susceptibility to atmospheric corrosion of external bridge members, in comparison to 550 their internal counterparts (Tamakoshi et al., 2006) . It is important to note that micro-climate 551 effects (e.g. water ingress, inaccessible/hidden parts) can reverse this trend and reveal higher 552 corrosion in internal parts. 553
Resistance assessment 554
Performance profiles of deteriorating structures can be evaluated with respect to different 555 serviceability and ultimate limit state criteria, for instance increasing deflections, fatigue, 556 bending resistance, shear resistance, local and global buckling resistances. In this paper, 557 results are presented for the bending, shear and local buckling resistances of the different 558 element types (e.g. EMG, IMG) considering their relative location on the bridge as well as 559 different types of protective coatings. 560 Figure 11 shows a comparison of bending performance profiles obtained using 561 Equation (8) for EMG and IMG elements considering two different coating types, with the 562 no-coating case also shown. The results indicate that, although the bridge is in a high 563 corrosivity environment, different exposure conditions at element level (due to their relative 564 position on the bridge) cause the bending resistance of external girder (EMG) elements to 565 deteriorate at a much faster pace relative to the internal main girder (IMG) element. The shear 566 performance profiles (through Equation (9)) in Figure 12 follow a similar trend to the 567 bending results; although in this case, the reduction in shear resistance is slightly more 568 severe. For example, the results in Figures 11 and 12 indicate that at the end of the 30 year 569 maintenance window, the shear and bending resistances of EMG with coating M274 have 570 reduced by more than 12% and 10%, respectively. Figure 13 shows a comparison of the 571 results for the local buckling performance profiles calculated using Equation (12). These 572 results indicate that the reduction in buckling resistance over time occurs at a much higher 573 rate relatively to the bending and shear resistances. Overall, the results indicate that the 574 deterioration of all performance metrics examined, is moderate for an initial 10 year period, 575 irrespectively of the exposure conditions and coating type, with the reductions being 576 practically within 5%. However, after this initial period, significant differences in 577 performance are predicted for the examined scenarios. For all performance metrics, the 578 results highlight the significance of the relative location of an element within a bridge, as well 579 as the impact of the protective system, on the progression of deterioration. Similar trends 580 were observed in the results for the stringer (ST) elements, which -as for the IMG elements -581 are classified as internal elements and are, thus, exposed to lower corrosivity (C3). 582
General remarks 583
As discussed earlier, decision making in asset management can be based on condition and/or 584 resistance criteria, which often complement each other. To this end, it is not unlikely to 585 encounter cases where the gradual loss of condition (e.g. due to the breakdown of the 586 protective coating system) is not associated with loss of resistance, at least during the early 587 stages of the deterioration process. As such, considering both types of performance metrics 588 within a common framework can inform risk-based examination and assessment regimes 589 can account for a wide range of exposure conditions, and that it can be adapted so as to cater 619 for micro-climate effects both at inter-and intra-element level. Depending on policy, budget 620 and maintenance constraints, ageing metallic bridges may have to be managed either using 621 condition or resistance criteria. The developed methodology has the flexibility to enable both 622 to be examined, using relatively simple models which have been based on industry manuals 623 and international guidance documents. 624
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